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Nonlinear focusing by residual-gas ionization in long-pulse electron linacs
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For short electron bunches in accelerators, the radial ion density due to residual-gas ionization faithfully
reproduces the radial electron bunch distribution for time scales similar to the electron bunch length. If the
electron bunch length is sufficiently long, however, the ions focus and, even for radially uniform electron
beams, tend to form a very nonuniform equilibrium distribution. This ion distribution, in turn, leads to non-
linear focusing forces on the electron bunch itself. In this paper, we find the equilibrium distribution when the
electron distribution is uniform, and calculate the emittance growth for axial slices in the electron bunch later
in time. A regime is found in which the emittance growth is quadratic with both residual gas pressure and
electron bunch length.
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[. INTRODUCTION this effect for both short and long electron bunches. In Sec.
Il, we find the equilibrium ion density for an initially uni-

It has been widely recognized that the ion-hose instabilityform density electron bunch both numerically and analyti-
in long-pulse electron linear accelerators and short-pulséally. We find that the equilibrium distribution shape is at-
electron rings can lead to anomalous centroid steering of thi&ined after only a couple of ion oscillation periods.
electron bunch and beam quality degradation, where the ions In Sec. lll, we calculate the emittance growth of an ini-
are produced by impact ionization of residual gas in the actially cold, uniform density electron bunch as it passes
celerato1-5]. It is also widely known that ionization of the through a thin region with residual gas. The emittance
residual gas will lead to fractional neutralization of the growth is linear with pressure and overall electron bunch
space-charge force of the electron be#h This neutraliza-  length. Then we calculate the emittance growth through long
tion fraction is a function of time, and builds up from zero to regions, and find that the emittance growth is quadratic with
some final value at the end of the electron bunch, leading t@ressure and bunch length when this effect is coupled with
time-dependent focusing and beam qua"ty degradation_ Thigmittance oscillations that often occur in high-brightness
effect is particularly important for relativistic beams, where €lectron accelerators. We conclude with some simulations of
the forces from the beam’s own electric field and magnetidhe dual axis radiographic hydrodynamics t¢BIARHT)
field cancel to order 32, wherey is the usual relativistic long-pulse acceleratdi7], which also demonstrate the qua-
mass factor. For electron pulses short compared to the oscfllratic scaling of the emittance growth.
lation time of ions in the beam’s potential wétpically on
the order of hundreds of nsgdhe physical picture of the
time-varying focusing is simple, since the ions can be as-
sumed to stay at rest. For this case, at a given axial position, In this section, we analyze ion motion within an electron
the fractional ionization radial density profile is the same adeam. We derive an expression for the equilibrium distribu-
the electron beam’s, and increases linearly with time. If thdion, and verify it with particle simulations. The equilibrium
electron beam has uniform density, the resulting spacedistribution is highly peaked along the axis of symmetry.
charge force remains linear, and this effect is simple to lons are produced by primary impact ionization of the
model[6]. high-energy electron bunch through low-pressure residual

This effect is significantly more complex if the electron gas. This gas is often composed of air componéNs O,,
bunch length is long compared to the ion oscillation period.CO, CQ,, and so ohand hydrocarbons from vacuum pump
The ions now move radially in the beam’s potential well, andoil. The exact constituents can be determined by residual gas
lead to additional nonlinear effects. The ions are acceleratednalyzer measurements, but do not significantly modify the
toward the beam’s axis, and lead to a distribution that igesults described in this paper. The ion density produced by
peaked on axis. Thus even if the initial electron beam’s proprimary impact ionization is given by this rate equat|@h
file is uniform, the additional space-charge force from the
ions will be nonlinear, leading to additional beam quality
degradation. It is precisely this effect which we will describe
in this paper. We will show that an equilibrium profile shape
of the ions is reached after a few oscillation perigds
though the magnitude will increase linearly over timehis  wheren, is the ion densityn is the initial gas densityas-
effect has important consequences for an emerging class stimed to be uniform over radial distanges, is the electron
long-pulse induction linear acceleratd. bunch density(which is a function of time at a given axial

A particle-in-cell model of the ions, coupled to an elec- and radial position o is the cross section, andis the ve-
tron particle-in-cell transport code, will be used to calculatelocity of the electron bunckwhich we will assume to be the

II. ION MOTION
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speed of lightc). For a temporally uniform electron beam, where the frequency is given hy= \el/2m;e,cmraZ.
the fractional ionization is then given by At long times, the equilibrium distribution will be formed
by an infinite sum of such distributions, all starting at differ-
n _ 6 N 1 ent times. We can find the functional form of the equilibrium
n_e_n@lmjt_atpgl (torn9.78310°) cm * sec™, (2)  Gisyipution by integrating over starting times. Because of
symmetry, we only need to consider initial phases from 0 to
wherePy is the gas pressure in torr, at a titnigom the head ~ #/2 radians. The radial equilibrium distribution function is

of the electron pulse. then of the form
If the electron bunch density is uniform, is independent
of radiusr, and ions are created uniformly across the electron f(r) Omax  d6O ®
. . oC
bunch cross section. If the electron bunch is very short, these e T o aZcogh’

ions do not move appreciably while the rest of the beam is
passing by. However, if the electron bunch length is longwheree
there can be a redistribution of the ions.

The motion of the ions is dominated by the electric field

max IS the phase at which the distribution edge is at
radiusr, and is given by =a cos6,,. After integration, we

of the electron bunch—the density ratio of the ions to theflnd
electron bunch is typically on the order of 0.001 or less. Thus Jai=r?
the self field of the ions can be ignored for their own motion. fed 1) =k——, 7)

However, due to the relativistic cancellation of the electron r

beam’s space-charge force on itself, the ions’ space charge

force on the electrons begin to dominate even at energies a¥herek is some unknown constant, which can be found from
low at 15 MeV, for fractional ionizations of 0.001. The radial conservation of the total number of ions. After comparison to
equation of motion for the ions in an electric field producedthe rate equatioEq. (1)], the equilibrium distribution is

by a uniform density electron bunch is determined to be
- el 0 3 ¢ _ 4ngngoc m 8
' fomeocma? of 1WD= 52 — ®

wheree is the electronic chargé,is the instantaneous cur- Wwe can verify that this is the equilibrium distribution by
rent of the electron bunctmy; is the mass of the iong, is  direct particle-in-cell simulations of the ion motion using the
the permittivity of free spacea is the electron bunch edge codesLice [8—10. The sLicE code self-consistently pushes
radius, and a dot indicates a time derivative. If the electromparticles along an induction linac using the Lorentz force
bunch is axially uniform, the ions will radially oscillate har- equation, including the beam’s self-radial electric, axial mag-
monically, with period netic, and azimuthal magnetic fields and all external fields to
fourth order in radius. The code uses the long-beam approxi-
4) mation, in which Gaussj law is used for the radial eIectr_ic
field and Ampere’s law is used for the azimuthal and axial

magnetic fields. A collection of particles is used to describe
The period of the oscillation for a hydrogen atom in a 3-cmthe beam at each axial position.

radius, 2-kA electron beam is 55.6 nsec. The ions’ self-fields For long-pulse ionization simulations, at each axial loca-
have been neglected in E48) and(4), which is consistent tion, the electron beam is separated into discrete time slices.
with low fractional ionizations. This assumption will lead to At each time slice, a new ion density is produced on a back-
a singularity at the origin at a quarter oscillation periodground grid[following Eq. (1)], and evolved using the elec-
which, under the influence of the ions’ space charge will tendron beam’s radial electric field. The precise dynamics of
to smear the distribution. However, for low fractional ioniza- only the first and last electron slices are calculated. The den-
tions, the smearing will be small, and this assumption is nosity of intermediate electron slices is assumed to be a linear
limiting for the case we are interested in. interpolation of these two slices, which is consistent with a
lons produced at the same time will stay in phase withfirst-order perturbative solution. The last electron slice is in-
these oscillations with these assumptions. Consider somfienced by the electric field of the overall ion distribution at
ions produced at some tinte Initially, their distribution is  its time. In particular, ion density is deposited on 100 radial
uniform, out to radius. As they oscillate toward the origin, grid points at each time slice as separate ion macroparticles.
they stay uniform in density, but with density increasing asTypical long-pulse simulations require 100—10000 time
a?/rZ, wherer is the instantaneous edge radius of the dis=slices to resolve the ion oscillations in the potential well of
tribution. The equation of motion for the edge radius is giventhe electric beam, requiring 401 ion macroparticles in

8meocmia’| Y2

el

Tions™ (

by all, for every axial position in the linac.
Because an equilibrium distribution is attained, a fluid
re=acoswt, model for the ion distribution would have been sufficient.
(5 However, the macroparticle model is easier to make accurate
fo=—awsinwt, for simulations of ion distributions that oscillate about the
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FIG. 1. lon density distribution after 1 nsec.

FIG. 3. lon density distribution after 20 nsé®6% of the oscil-
origin (the fluid momentum tends to average to zero at thdation period.
origin in a strict fluid modeland was used for this study.

In Fig. 1, we plot the ion density as a function of radial to note that a spread of ion masses would tend to help the
position after 1 nsec of an electron beam that is 3 cm irdistribution reach its equilibrium form earlier. Note that in
radius and of uniform radial and axial density, using hydro-Fig. 3, some small kinks in the distribution is seen due to the
gen ions. We see that the ion density is still uniform. In Fig.coarseness of the electron bunch sli@$6 nsec apiege
2, we plot the ion density after 10 nsec of the electron beam. We see that by 200 nsec the distribution is smootRég.

We now see that the ion density is moving toward the centef), and by 500 nsec¢Fig. 5 excellent agreement with the
as particles at the initial time are reaching a quarter of theignalytic equilibrium distribution function is reached. Note
oscillation period. At 20 nse(Fig. 3), the ion distribution is  that this equilibrium distribution will be reached in about 100
already close to the equilibrium distribution, even thoughnsec for a nitrogen gas for a 3-cm, 2-kA electron beam, and
this time is only at about 36% of the oscillation period. Forin much less time for smaller radius electron beams.
heavier ions, this time would be longer, but the ion distribu- Recall that this equilibrium distribution was found for the
tion would also approach the equilibrium distribution at case the self-fields from the ions can be ignored. The singu-
about one-third of the oscillation period. It is also important
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FIG. 2. lon density distribution after 10 nsec. FIG. 4. lon density distribution after 200 nsec.
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FIG. 5. lon density distribution after 500 nséslid line) and
analytic equilibrium distributiodEq. (9)] (circles.

FIG. 6. Slice emittance of the final slice in the electron bunch as
a function of axial location. Note the rapid emittance growth in the
high pressure regiof0—1 m), followed by emittance oscillations.
larity at the origin for the equilibrium distribution leads to an
infinite force there, distorting the actual equilibrium distribu-
tion there, as described earlier. However, the amount of
charge at the origin is small, and the distortion will be in a
region limited close to the origin for small ionization frac-
tions. The effect on the electron optics will be likewise lim-
ited to near the origin, affecting only few electrons and thos
with the least impact on the overall beam emittance.

which is clearly nonlinear and will cause both an overall and

slice emittance growth.

For studying the slice emittance and overall emittance

growth, we simulate an initially uniform electron bunch tra-

versing first a short regiofl m long of relatively high gas
ressure followed by a longer regigd m long with very

ow gas pressure. This is done because the emittance growth

in the higher gas region starts emittance oscillations coupled

to transverse plasma oscillatiolier space-charge waves

and that the emittance growth is minimized at about Gee

Fig. 6). At that location, much of the excess kinetic energy

ssociated with the emittance growth is transferred to excess

IIl. EMITTANCE GROWTH IN THE LINEAR REGIME

There are two possible effects from the forces induced b

the electric field on the ions that can produce an em'ttanc@otential energy—or, in other wordst & m the radial elec-

growth in the (_alectr_on beam. For very s_hort electron b_unp ron beam distribution is as nonuniform as it will became.
lengths, there is a time-dependent focusing effect, that is lin=

. L . Each electron slice is distributed with 8000 macroelectrons.
ear if the beam distribution is uniform. For long electron In Fia. 7 we blot the final slice emittance at 5 m as we
bunch lengths, the focusing force is always nonlinear. Botf}’h 9 P

. . ange the electron bunch length and pressure, but keeping
effects can lead to an emittance growth for the entire bunc L
although the first effect will tend not to increase the emitfl[ he product constarigo the total ionization is kept constant

e : The slice emittance is a strong measure of how long if takes
tance of individual electron bunch slices. However, even for,

the short-bunch case, if the focusing force is large enough t%he lon distribution to reach equilibrium, about 300 nsec.
change the radius of the latter part of the electron bunch 350 i ' ! ) :
significantly, the time-dependent focusing force will be non-
linear.

The normalized, 90% emittance of the electron beam, de-
fined here as

300 - i

mrad)

250 L

200 - -

e=2yBN(r2)(r'?)—(rr’)?, (9)

emittance (mm

is an accurate measure of the beam quality for many types og
applications, where the brackets indicate an ensemble avel®
age(including axial position within the electron bungland
the prime refers to an axial derivative. The radial force from
the equilibrium ion density on an electron in the bunch for
the uniform-density case is given by

Fina

2engngoc

r
2 cin—1 2 2
52 t|a’sin a+a\/a—r),

Fr,ion(rat):

Sor’]T

(10 length.
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FIG. 7. Final slice emittance as a function of the electron bunch
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FIG. 8. Integrated bunch emittance as a function of the electron FIG. 10. Emittance oscillation for an initially nonuniform-
bunch length. density electron beam.

In Fig. 8, we plot the integrated bunch emittance as a IV. NONLINEAR EMITTANCE GROWTH

function of electron bunch length. Note that the integrated _ ) ) _
bunch emittance mirrors the final slice emittance to a good It is well known that a zero-emittance, uniform-density
degree. This indicates that for long electron buncha®0  electron beam will have minor emittance growth, if any, but
nsec, the overall emittance is dominated by the increase i@ initially nonuniform electron beam can have large emit-
slice emittance, and not just a differential rotation in phasd@nce growtt{8] because the initial beam distribution is not
space among the different bunch slidegich accounts for ~an equilibrium one. However, this emittance growth will lead
the initial emittance of 150 mm mradn Fig. 9, we plot the t0 emittance oscillations, as shown in Fig. 6. If the initial
final slice emittance as a function of final ionization, for aneMmittance is due to a nonequilibrium beam density, the emit-

interaction length of 0.1 m. tance will grow as the beam density approaches the equilib-
From Fig. 9, we can determine the linear emittancelium shape, and then will decrease as the density becomes
growth rate, which is very nearly nonequilibrium again9]. In practical accelerators, diode fo-
cusing and nonlinear focusing effects will lead to nonequi-
£=0.155f g, (12) librium density distributions. Most high-brightness accelera-

tor designs account for this, and adjust the focusing so that
wherel is the interaction length, antl, ., is the final frac- the final accelerator application occurs at one of the emit-
tional ionization at the end of the electron pulse. Numerical

simulations show that this emittance growth is mostly linear 700 ' . ! L
with fractional ionization, even for thick lengiPs.
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FIG. 9. Slice emittance from a short region of high gas pressure FIG. 11. Slice emittance growth at the emittance oscillation
VS gas pressure. minimum, as a function of final fractional ionization.
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the slice emittances grow quadratically with fractional ion-
ization. In Fig. 11, we plot the growth of the final slice emit-
3000 L tance at the end of the nominal emittance oscillat®l m)

as a function of final fractional ionization.

2500 | This Com_ple>_< coupling betyvee_n ioni;ation and transverse
plasma oscillations is seen in simulations of actual beam-
lines. In Fig. 12, we plot the simulated emittance of the
DARHT second axis accelerator as a function of residual-gas
final ionization. As in Fig. 11, the emittance growth is qua-
1500 4 5 dratic. The maximum acceptable emittance for this machine
is about 1000 mmmrad, or a final fractional ionization of
1000 | about 0.001. For a typical cross section of
=2(10 ¥ cm 2 and an electron pulse length of & (the
electron pulse length in the DARHT long-pulse accelepator
this leads to a maximum acceptable residual gas pressure of
Pg:2.5(1(T7) torr. This residual gas pressure is certainly

0 : , ; . ; . r achievable, but not luxurious.
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

2000 -

Final slice emittance (mm mrad)

500 o

Fractional ionization V. CONCLUSION

FIG. 12. Emittance growth as a function of final fractional ion- ~ We have presented a model for ionized gas motion within
ization for the DARHT long-pulse accelerator. an electron beam. For long-pulse lengths, the ions mostly
reach an equilibrium distribution in less than one-half of an
tance minimums(an integral number of half-transverse oscillation period. This equilibrium distribution is highly
plasma oscillations[10,11]. In Fig. 10 we show one emit- nonuniform, and leads to both slice and axially integrated
tance oscillation for an initially partially hollow, 2-kA, emittance growth. We have also seen that the coupling be-
5-MeV electron beam with a 3-cm radius. The emittancetween the time-dependent ion focusing and emittance oscil-
initially zero, grows to nearly 1000 mm mrad, before drop-|ations in practical accelerator designs leads to a quadratic
ping down to 205 mmmrad, at an axial location of 5.3 m.scaling of the emittance growth with respect to final frac-
The focusing magnetic field is adjusted so the rms beam sizgonal ionization, for long pulse lengths, and puts upper lim-

remains constant over this length. its on allowable residual gas pressures for new, long-pulse,
For this case, slight focusing changes will tend to spoilhigh-brightness electron accelerators.

the complete emittance oscillation, by slightly changing the
period of the transverse plasma oscillation. The emittance
oscillation obeys a sinusoidal functid®,11], and thus is
locally quadratic near its minimum in terms of either axial ~This work was supported by funds from the DARHT
position or focusing strength. We would then expect that theproject at Los Alamos National Laboratory, operated by the
additional focusing from residual gas ionization will make University of California for the U.S. Department of Energy.
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